Abstract: Carbon black-filled polymer composites were investigated as sensing materials for organic liquids. Polypropylene and polystyrene which were selected as matrices and various amounts of carbon black were considered as the main factors influencing sensitivity of the composites in view of the percolation theory. Disposable filaments were produced of these materials. Change in their electrical resistivity was measured upon immersion in benzene, toluene, xylene, ethylbenzene and their mixtures. It has been found that studied materials were sensitive to the composition of liquid mixtures of organic solvent. Relationships between the filament response and volumetric fraction of the components were presented. The studied materials have shown promising sensing properties, which suggest their applicability for identification and quantification of multicomponent organic liquids.
Introduction
Organic solvents are widely used in many different areas, mainly for industrial and household applications. These materials are liquids (in standard conditions) containing organic compounds, which are used as dissolvers, viscosity reducers, diluents, thinners, reagents, cleaning agents or for other similar uses. These chemicals are highly volatile, difficult to dispose of, expensive and hazardous to human health and the environment. Therefore, next to their solvent activity and high evaporation rate the solvents should be biodegradable, non-toxic and non-ozone depleting substances with acceptable odor. Nowadays, it is possible and important to develop solvent systems which satisfy both the performance and environmental requirements. Organic solvents can be used in their pure state or in blended formulations. When the solvent is a mixture of different components it is required to control their mutual ratio in order to determine a compliance with the environmental and product quality specifications. The content of different solvent constituents can be either calculated or measured.
The methods based on measurements can be divided into two categories. First group is dedicated to the precise and accurate qualitative and quantitative measurements in laboratory conditions. Due to its unique features, which include extremely high separation efficiency, the most appropriate method for analyzing organic compounds in solvents is the capillary gas chromatography. Conventional analytical methods provide superior sensitivity, selectivity and reproducibility.
Unfortunately, they apply a complex and expensive instrumentation. For that reason, many applications require other measuring techniques, which are based on smaller, portable, cheaper and even disposable devices. This can be accomplished by adopting a sensor technique.
Sensors are based on different detection principles and materials. In recent years chemi-resistors, which employ polymers, received considerable attention. A principle of operation these devices is based on a change of their electrical properties upon exposure to a studied sample. In a sensor technology both the intrisically conducting polymers (their conductivity can be changed by doping) and composites (electrically insulating polymer matrix with a conductive filler) are applied [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] .
Usually, polymer chemi-resistors are designed to operate in a gaseous environment for the detection of gases and vapors [2, 3] . There are few studies reported in the literature on electrically conductive polymer composites as sensing materials for organic liquids. For example, carbon black-filled polyethylene, poly(vinyl chloride), poly(butadiene) or poly(tetrafluoroethylene) composites were proposed as sensing materials for liquid samples [4] . The immiscible polymer blends of polypropylene (PP), Nylon 6 and carbon black (CB) have been used to produce a series of electrically conductive filaments by a capillary rheometer process. DC (direct current) electrical resistivity of these materials was found to be sensitive to benzene, n-heptane, methanol and methyl methacrylate [5] . Sensitivity to a mentioned liquids was also observed in a case of polymer blends of high impact polystyrene (as a matrix) and ethylene-co-vinyl acetate (as a dispersed phase) containing carbon black (electrically conductive filler) [6] . The filaments of thermoplastic polyurethane-carbon black compunds displayed an increase in resistance upon exposure to various alcohols (methanol, ethanol, and 1-propanol) [4] . The same effect, combined with excellent reproducibility and recovery behavior has been shown for extruded PP/thermoplastic polyurethane blends containing CB [7] . A decreasing resistance upon exposure to methanol, ethanol and 1-propanol was examined for electrically conductive blends, containing two immiscible polymers (ethylene-co-vinyl acetate as a matrix and copolyamide as a dispersed phase) and polyaniline [8] . CB-containing immiscible polymer blends of high-impact polystyrene and thermoplastic polyurethane [9] and electrically conductive nanoblends containing polyaniline doped with dodecylbenzene sulfonic acid dispersed in a polystyrene matrix may be also used as sensing materials for homologous series of alcohols [10] .
In a previous paper we have reported the electrical conductivity, mechanical strength and melt rheology of polymer composites filled with carbon black [11] . In this paper we have focused our attention on the CB-filled polypropylene and polystyrene (PS) composites. The main innovative aspect of this study relies on the investigation of these composites as potential materials for use in direct sensing of organic solvents mixtures in a liquid state.
Results and discussion
In our work we have demonstrated that filaments of carbon black-filled polypropylene and polystyrene composites are sensitive to different organic liquids. The typical time responses of these materials, in particular PP/3%CB, PP/6%CB and PS/9%CB, during immersion in organic solvents are shown in Fig. 1 . The following solvents were considered: benzene, toluene, xylene and ethylbenzene.
The filament response was defined as (U t -U 0 )/U 0 , where U t was the voltage on the reference resistor at time t since filament immersion in solvent, and U 0 was the baseline voltage on the reference resistor at the end of signal stabilization phase, 5s before filament immersion. As shown in Fig. 1 all measured solvents caused responses of polymer/carbon black composites. The observed responses were in a range of 2% to 40% of baseline, depending on the composite and solvent nature. Voltage drop was observed on the reference resistor in case of polypropylene based composites: PP/3%CB and PP/6%CB exposed to benzene, toluene, xylene and ethylbenzene (Fig. 1a, Fig. 1b) . The drop of voltage on the reference resistor represented the increase in resistance of filaments while immersion in studied substances. Qualitatively similar responses were observed while immersing polystyrene based composite PS/9%CB filament in benzene (Fig. 1c) . In contrary, the exposure to xylene yielded decrease in the resistance of carbon black-filled polystyrene composite.
The mechanism of the composite response to organic liquids can be explained using the sorption kinetics and percolation theory [12] . During exposure the polymer matrix absorbs molecules of a liquid. In consequence the composite material swells, which causes the average distance between CB particles to increase. In case the carbon black content is close to the percolation threshold it results in an increase of electrical resistance. The current decay can be explained by a disruption of the conductive pathways created by carbon black particles in a composite when the matrix polymer swells upon soaking in a solvent. It has been observed that the carbon black content in PP and PS based composites significantly influences their sensing properties to organic liquids. The PP/3%CB composite operating close to the percolation threshold, which was found below 2% of CB (Fig. 2a) responded with a 40% baseline change (Fig. 1a) and it was the strongest observed response of the studied composites to a single solvent. The carbon black content of PP/6%CB composite was clearly higher than the percolation threshold. Respectively, the filament response to measured solvents was just 5% of a baseline (Fig. 1b) . Similarly low, 6% of a baseline, were the responses of PS/9%CB composite, which also operated far from the percolation threshold for polystyrene/carbon black composite (Fig. 2b) . In case of this composite the percolation threshold was found at approximately 2% of CB content. Low sensor signal associated with a carbon black content above the percolation threshold may result from the insufficient destabilization of the percolation network during immersion in liquid. The swelling of polymer matrix partially destroys the electroconductive pathways. However, for a high filler content most of the carbon black pathways remains unaffected.
As shown in Fig. 1 the time responses of sensing filaments upon immersion in liquid analytes are featured by their dynamics. In case of PP/CB composites the observed voltage drop was initially rapid and it slowed down after approximately 1 minute of exposure to a solvent. The initially rapid response could indicate that during this time the solvent influenced mainly the skin region of a filament [10] . Less dynamic response in a next period of time could be attributed to the deep penetration of a solvent into the filament bulk. Contrary to the polypropylene matrix, the PS/CB composite filament responded in a different way (Fig. 1c) . The voltage change was barely noticeable for about 0.5 minute since immersion. After that a response to benzene increased at approximately constant rate. This behavior could indicate a constant rate of a solvent penetration into the bulk of filament without any prior skin effect. Contrary, the response to xylene reached plateau in 2 min since immersion, which may represent a shallow skin effect and none deeper solvent penetration [10] .
The differences in responses of the composite material to various solvents depend on the ability of solvent molecules to swell the polymer. The sorption kinetics of organic compounds within the polymer matrix is especially important. This process can be related to the size, shape, relative mobility of molecules penetrating into the polymer, temperature and other factors. The parameters of solvents and polymers, that determine the transport process in studied composites, have been presented in Table 1 and The goal of our work was to demonstrate that the difference between the parameters, which induced various responses of the polymer/carbon black composites to a single organic solvent are sufficiently large to readily influence their sensitivity to the solvent mixtures. Preliminary results illustrating our hypothesis have been shown in Fig. 3 . The results presented in Fig. 3 exhibit response of the carbon black filled polymer composites: PP/3%CB, PP/6%CB and PS/9%CB to the liquid mixtures of following solvents: toluene/xylene, xylene/benzene and benzene/ethylbenzene. The response of a filament to solvents was defined as (U 170 -U 0 )/U 0 , where U 170 was the voltage measured at the reference resistor in 170 th second since the filament immersion in a mixture of solvents and U 0 was the baseline voltage on the reference resistor at the end of a signal stabilization phase, 5s before the filament immersion. In Fig. 3 The relationship between the composite response and the volumetric fraction of solvents in a mixture was fitted with a simple linear regression model. The coefficient of determination R 2 was used as an indicator of fits quality. Based on values of coefficients of determination, significant part of the response variance originated from the composition of a studied solvent mixture. The strongest relationship (R 2 =0.76) was observed in case of benzene/xylene mixture examined with PS/9%CB filament (Fig. 3c) . Weaker, but still significant (R the verge of significance was the relationship between the composition of the ethylbenzene/benzene mixture and PP/6%CB filament response, as indicated by the coefficient of determination R 2 =0.48 (Fig. 3b) . The remaining part of response variance which was not explained by the varied mixture composition could be attributed to the random factors, which influence results of measurement. As shown by the data scatter in Fig. 3 the random component was quite substantial in our experiment. The detailed analysis of the experimental setup and conditions of measurements suggest two possible sources of the random error. The first has been related to a technique of the filaments preparation. It has been found that the shear rate at extrusion through the rheometer nozzle significantly influenced a sample resistivity in air. Although constant shear rate was applied for filament preparation in our experiments, still the intrinsic heterogeneity of a composite brings about a scatter in quality of the filaments. The second factor causing an error has been related to the electrodes. In the current arrangement predominantly the surface resistivity changes of the sample were measured. Therefore even a minor variability in the sample size and electrodes fixation can significantly influence its response. Other factors could be a high electric charge generated by the measurement setup, the sample size and its geometry, as well as the immersion process itself.
It is supposed that the random error component shadows a real picture of the relationships between the mixture composition and filament response. This induced implementation of a simple linear regression model for the data fitting. Considering numerous factors, which brought about a noticeable random error component to the measured data, the obtained correlation level shall be considered as indicating a sensitivity of the carbon black filled polymer composites to a composition of the liquid organic solvent mixtures.
Conclusions
Resistivity changes of the filaments made of polymer-CB composites were monitored upon immersion in liquid organic solvents and their mixtures.
The filaments prepared of polypropylene composites with 3% of carbon black, PP with 6% of CB, PS with 9% of CB were sensitive to liquid organic solvents like benzene, toluene, xylene and ethylbenzene. The sensitivity was influenced by the solvent as well as by the composite properties. PP/3% CB composite which was near the percolation threshold responded stronger than the composites PP/6% CB and PS/9% CB (above the percolation threshold).
The composites have been sensitive to a composition of the liquid organic solvent mixtures. The experimental data revealed a substantial random error component, but the data fit proved statistical significance of a relationship between the filament response and the volumetric fraction of components in the mixture.
Presented contribution shall be considered as providing first results. The studied materials have revealed promising sensing properties which indicate their applicability for identification and quantification of the multicomponent organic liquids.
Experimental

Materials
Polymers used in this study were polypropylene Malen from Basell Orlen, and polystyrene SF from Oswiecim Chemical Works. The filler was carbon black Ketjenblack EC 300J from Akzo Chemicals. Measured solvents: benzene, toluene, xylene and ethylbenzene were ppa grade purchased from Polish Chemical Reagents POCH.
Preparation of composites and fabrication of filaments
Polymer composites filled with carbon black were prepared by melt mixing using the internal mixer module of HAAKE Rheocord 9000. The chamber temperature was 190 ºC and the rotor speed was 60 RPM. The composites containing desired amount of carbon black (3%, 6% and 9%) were prepared from the pre-mixed masterbatches. In order to achieve the filler dispersion as good as possible, the mixing time was fitted depending on the on-line monitored torque value. Mixing was completed when the torque reached equilibrium. Following composites were used in our measurements: polypropylene with 3%CB (PP/3%CB), polypropylene with 6%CB (PP/6%CB) and polystyrene with 9% CB (PS/9%CB).
The filaments were prepared from the composites by means of extrusion using Gottfert capillary rheometer (L/D = 30) at the shear rate of 240 s -1
. The material was extruded into "U" shaped samples, 20 mm long and 1.5÷2 mm in diameter. For electrical measurements the electrodes were attached to each end of the filament and covered with a drop of silver paint in order to ensure best contact and to minimize the surface resistance between the electrodes and the filament.
Measurements of sensing response
Schematic diagram of the measuring setup is presented in Fig. 4 . High Voltage Power Supply ZWN-42 from POLON Jelenia Gora was employed. Electrical measurements were conducted using Keithley 2000 Electrometer.
The measured value was a voltage on the reference resistor, as shown in Fig. 4 . The data were collected with a time resolution of 5 s using a computer equipped with the Keithley Testpoint software.
The sensing experiments consisted of the immersion/drying cycles of filaments and continuous monitoring of voltage on the reference resistor. Prior to measurement the filament was placed in a holder. It remained in air until stabilization of the measurement signal was reached and then the filament was immersed in a liquid. After exposure the filament was left for drying. The measurement cycle consisted of 1 min long signal stabilization phase and 3 min long filament exposure to solvent, followed by 1 min of drying stage. Each filament was used for measurement only once and afterwards it was disposed of. 
